Abstract Renewable and bio-based transportation fuel sources can lower the life-cycle greenhouse gas emissions from vehicles. We present an initial assessment of ethyl 3-ethoxybutyrate (EEB) as a biofuel in terms of its performance as a fuel oxygenate and its persistence in the environment. EEB can be produced from ethanol and poly-3-hydroxybutyrate, a bacterial storage polymer that can be produced from non-food biomass and other organic feedstocks. Physicochemical properties of EEB and fuel-relevant properties of EEB-gasoline blends were measured, emissions of criteria pollutants from EEB as a gasoline additive in a production vehicle were evaluated, and fate and persistence of EEB in the environment were estimated. EEB solubility in water was 25.8 g/L, its K ow was 1.8, and its Henry's Law constant was 1.04 × 10 −5 atm-m 3 /mole. The anti-knock index values for 5 and 20 % v/v EEB-gasoline blends were 91.6 and 91.9, respectively. Reductions in fuel economy were consistent with the level of oxygenation, and criteria emissions were met by the vehicle operated over the urban dynamometer driving cycle (FTP 75). Predicted environmental persistence ranged from 15 to 30 days which indicates that EEB is not likely to be a persistent organic pollutant. In combination, these results suggest a high potential for the use of EEB as a renewable fuel source.
Introduction
Many liquid and solid fossil fuels are fungible throughout global markets. As such, petroleum prices are susceptible to demand and supply shocks, growing demand from developing countries, macroeconomic retractions, and production costs Responsible editor: Gerhard Lammel Electronic supplementary material The online version of this article (doi:10.1007/s11356-016-7052-z) contains supplementary material, which is available to authorized users. (Aastveit et al. 2014; Aguilera 2014; Cashin et al. 2014; Kilian 2014) . Biofuels might mitigate petroleum price volatility through democratization of fuel production. However, biofuel production costs must be reduced to compete with fossil fuels for market stability to occur, given the magnitude of the petroleum market (PALTF 2009; Davis et al. 2010) . In addition, the U.S. Renewable Fuels Standard of the Energy Independence and Security Act (EISA 2007) requires an annual increase in advanced biofuels made from non-food sources. Despite mandates, the biofuel contribution to liquid fuel markets is limited with current methods of biofuel production (US EIA 2014). Moreover, new biofuel production technologies should be amenable to rapid and sustainable deployment so that energy security, economic growth, and environmental benefits are maximized (Ang et al. 2015) .
Ethyl 3-ethoxybutyrate (EEB) is a candidate novel fuel oxygenate (Bunce et al. 2015) . It is a C8 compound containing both ethyl ester and ether moieties. The feedstocks for EEB are ethanol and poly-3-hydroxybutyrate (PHB), which is a renewable carbon source naturally produced by microorganisms (Serafim et al. 2008) . A key advantage of pursuing EEB production is that PHB and the mixed polymer, poly-3-hydroxyalkanoate, are made from acetate and other short chain fatty acids, which are commonly produced during mixed acid fermentation of cellulosic feedstocks (Lee et al. 2014) . EEB can be produced directly from PHB and ethanol under acidic conditions or indirectly with base catalyzed ethylation of ethyl crotonate (Mohrig et al. 1990; McMurry and Smoot 2013) . Of note, similar chemical reactions are performed at industrial scale, and different poly-3-hydroxyalkanoates as well as alcohols can be used to synthesize a variety of alkyl 3-alkylalkanoates which could be combined to optimize fuel characteristics.
Compounds that might be used as gasoline oxygenates include alcohols, ethers, and esters. Esters, including methyl 3-hydroxybutyrate made from PHB, were tested as potential fuel oxygenates (Zhang et al. 2009; Wang et al. 2010; Amine et al. 2013; Dabbagh et al. 2013 ), but they are not yet commercially used as fuel oxygenates. Commercially available gasoline oxygenates are ethanol and ethers (e.g., MTBE); however, these compounds have limitations. For instance, ethanol cannot share the same pipeline infrastructure with gasoline due to its affinity for water, has a low energy content which can be deleterious to tank fuel economy, and has a low vapor pressure which impacts engine performance at low temperatures (Masum et al. 2013) . MTBE was the primary gasoline oxygenate in the USA, and at one time, its domestic production exceeded 12 billion liters per year (OGWDW 2008) . However, MTBE is no longer used in the USA due to concerns with its persistence in the environment and contamination of ground water supplies although MTBE is still used as a fuel oxygenate in other parts of the world. Fuel oxygenates that are made from a variety of feedstocks can be produced domestically and do not persist in the environment are needed as alternatives to MTBE. EEB was recently shown to be an effective diesel fuel oxygenate with the potential for sustainable and cost-effective production (Bunce et al. 2015) . The decreased cetane number for 40 % v/v EEB blended with ultra-low sulfur diesel, and its ability to mix with gasoline indicated that EEB may be a candidate gasoline oxygenate. The objectives of this study were to evaluate EEB as a renewable gasoline oxygenate and to assess the potential fate and persistence of EEB in the environment.
Materials and methods
Ethanol, potassium ethoxide, methanol, hexane, octanol, benzoic acid, napthalene, and benzo[ghi]perylene (B[ghi]P) were obtained from Sigma-Aldrich (St. Louis, MO). Ethyl crotonate was obtained from HBC Chem, LLC (Union City, CA).
Synthesis and purification of EEB
Reactions scaled to make approximately 200 ml of EEB per batch were based on a previously described approach (Mohrig et al. 1990 ). In brief, synthesis of EEB was with ethanol, ethyl crotonate, and 24 % potassium ethoxide and was carried out in 2-L flasks with boiling chips for 90 min under reflux. The order of reagent addition was ethyl crotonate (200 ml), ethanol (500 ml), 24 % potassium ethoxide (83 ml), and ethanol (217 ml; used to rinse the glassware for measuring and transferring ethyl crotonate and potassium ethoxide to the reaction flask). The reaction solution was preheated for 10 min in a heating mantel (setting 2) and heated until reflux started at setting 3.5 (approximately 30 min). After 90 min at reflux, the solution was allowed to cool in the heating mantel without heat for 30 min and an additional 30 min at room temperature on a cork stand prior to neutralization with CO 2 . Carbon dioxide was used to neutralize the reaction so that condensation products did not form during recovery of excess ethanol.
EEB purification included removal of excess ethanol, removal of precipitate formed during neutralization with CO 2 , as well as silicic acid and amino-propyl resin column chromatography. Excess ethanol was removed using a Buchi evaporator (water bath was 75°C) under vacuum. Precipitate was removed via centrifugation (200×g) or filtration over sintered glass (Millipore) and rinsed with a minimum of 30 ml hexane. Liquid was divided into~100 ml aliquots and purified over silicic acid (30 g) in a 500-ml column. Prior to each use, the silicic acid was washed with deionized water (2 × 100 ml) and with methanol (3 × 60 ml) under vacuum. After purification, the column was rinsed with 30 ml hexane which was added to the purified product. Aliquots were combined, and when precipitate was removed by centrifugation, hexane was removed with the Buchi evaporator (water bath was 85°C) under vacuum prior to amino-propyl resin column purification; otherwise, the product was directly subjected to amino-propyl resin column purification. Amino-propyl resin (20 g) in a 500-ml column was washed with a methylene chloridemethanol-water solution (50 ml/50 ml/10 ml) and 180 ml methanol under vacuum. After purification, the column was rinsed with 30 ml hexane which was added to the purified product. EEB was separated from hexane and ethyl crotonate using fractional distillation with heat under vacuum (7 in Hg), and EEB was collected with a receiving vessel that was placed inline after the majority of the ethyl crotonate fraction was collected. The product purity was monitored using gas chromatography with flame ionization detection (GC-FID), and distillation was repeated if ethyl crotonate exceeded 1.5 % of the product (Supplementary Material, Fig. S1 ).
Physicochemical properties of EEB
The density of EEB was determined for 3 independently produced batches of product by weighing 50 μl of liquid product. Each batch was dried under nitrogen with heat (75°C) until residual ethyl crotonate was less than 1 % based on GC analysis. Weight measurements of DI water at 22°C (ρ = 0.9978 g/ ml) were used to correct for pipette error. Triplicate 50 μl DI water aliquots in microvials were weighed, and the average DI water weight was 0.0492 g (SD = 0.0001 g). The experimental density of DI water (0.984 g/ml) was determined by dividing the average weight by the aliquot volume. The difference between the DI water density at 22°C and the experimentally determined density was used as a correction factor for the EEB weight measurements. The energy density of EEB was determined with a semimicro bomb calorimeter (Parr). Benzoic acid was used as a calibration standard. Solubility of EEB in water was determined per OECD Technical Guide 105 (OECD 1995a) . The measurements from 48 and 72 h treatments were combined based on Student's t test comparing the treatment results (two-tailed t test; p = 0.82651). The log K ow (octanol-water partition coefficient) for EEB was determined per OECD Technical Guide 107 (OECD 1995b ). An estimated EEB boiling point was determined with a standard curve of retention time vs. boiling point for several fatty acid methyl esters and fatty acid ethyl esters that eluted before and after EEB eluted from the GC column. The log K oa (octanol-air partition coefficient) for EEB was determined with the drop protocol developed by Ha and Kwon (2010) . Duplicate measurements were taken at 0.08, 0.17, and 0.25 h from a 1-μl drop of octanol hung on the tip of a syringe. The drop had B[ghi]P as a nonvolatile internal standard, and the source octanol solution had B[ghi]P, EEB, and napthalene. The amount of source and drop B[ghi]P was monitored with GCmass spectrometry, and the area of the B[ghi]P total ion chromatograph peak was used to normalize the variance in drop volume among measurements. As drops in the setup clung to the side of the needle and were clearly not spherical, drop surface area (l × w) was estimated with the length, 0.128 cm, equaling the diameter of the drop as a sphere (median drop volume = 1.11 μl) and width, 0.0467 cm, equaling the diameter of the syringe needle used in the experiment (Hamilton 26 s gauge). Regressions of time vs. ln(1-C drop (t)/ C 0 ) were used to estimate the transport rate of napthalene and EEB. The difference in naphthalene log K oa values reported here and previously was used to calibrate the current study with Ha and Kwon (2010) , and the log K oa for EEB was adjusted by the naphthalene calibration factor. EPI Suite (v. 4.00) was used to estimate physicochemical properties of EEB in silico (U.S. EPA 2008). Measured values were used as physical property inputs when available ( Table 1 ). The melting point input was estimated at −73°C.
Vehicle emissions evaluations
Federal certification gasoline (UTG 96) was mixed with EEB at 5, 10, and 20 % v/v (identified as EEB5, EEB10, and EEB20, respectively) for octane, reid vapor pressure (RVP), and engine measurements. EEB5-and EEB20-blended fuels were sealed in 1-L brown glass bottles and shipped to a contract testing company (SGS North America, Inc., Deer Park, TX) for ASTM certified analysis of octane and RVP. For engine tests, EEB10 and EEB20 were produced by splash mixing EEB with UTG 96 gasoline immediately prior to performing the tests.
Evaluation of EEB as a gasoline additive was performed using a 2007 Pontiac Solstice equipped with a 2.0-L, turbocharged, gasoline direct injection (GDI) engine. The car was operated over several transient and steady-state cycles on a 48-in. roll chassis dynamometer with the Federal Test Procedure (FTP) 75. The same vehicle was used for studies with gasoline (UTG 96) as well as 10 and 20 % ethanol-gasoline blends (E0, E10, and E20, respectively) in a previous study, thus enabling direct performance comparisons for EEB10 and EEB20 (Storey et al. 2010) . The temperature and relative humidity in the test cell was controlled and remained between 21.4 and 22.8°C and 69 and 73 %, respectively. Fuel economy, criteria pollutants, CO 2 , and particulate matter (PM) were measured in duplicate for EEB-gasoline blends except where noted and singly for gasoline. Filter samples were collected on 70-mm Teflon™-coated glass fiber filters (Pallflex TX-40, Pall Corp.) following full-flow dilution by the constant volume sampling system. The temperature of the dilute exhaust was maintained below 50°C throughout the test. Filters were conditioned and weighed in a temperature-and humiditycontrolled chamber and a balance with 0.1 μg sensitivity was used (Model UMX-2, Mettler-Toledo, Inc.) Two PM mass filters were collected for the FTP cycle: the first filter over the cycle corresponding to bags 1 and 2, also known as the cold LA4; and the second filter over the cycle corresponding to FTP bags 3 and 4, also known as the hot LA4 cycle. This modified FTP approach allowed greater PM mass to be collected without affecting the weighted calculation of cycle emissions.
Statistical analysis to compare EEB-gasoline blends with 100 % gasoline was with the pairw.anova function of asbio package (0.4-11) in R (3.0.1) using the Tukey method and 95 % confidence intervals.
Multimedia analysis and modeling of EEB fate and persistence in the environment
Lake water and sediment from Lake Tuscaloosa and Black Warrior River, Tuscaloosa, Alabama, were used to measure the partitioning and hydrolysis of EEB when it was exposed to aquatic matrices. The partitioning of EEB among air, water, and sediment was tested by adding EEB (10 μl) to 10 ml 0.2 μm filtered lake water and 3 ml of autoclaved sediment in stoppered 40-ml bottles. Bottles were incubated on a platform shaker at 10 and 21°C. Triplicate bottles were harvested at 1, 3, 5, and 8-day time points. Direct injection of 100 μl of headspace gasses into a GC-FID was used to determine the amount of EEB in the gas phase. A portion of the water (1 ml) was extracted with 2 ml hexane to measure EEB in the aqueous phase. The remaining water was siphoned off, and the entire amount of sediment was extracted with 10 ml hexane to determine the amount of EEB that associated with sediment. The amount of EEB recovered from each fraction was quantified using an EEB standard in hexane. Henry's Law constants (HLC) for each time point were determined with HLC = (nRT/V)/W, where n = the moles of EEB in the gas phase, R = the ideal gas constant (0.08205 L atm K −1 mol −1 ), T = temperature (K), V = volume of headspace (liters), and W = concentration of EEB in the aqueous phase (moles/m 3 ). The HLC at standard temperature was extrapolated from the change in mean HLC between 10 and 21°C. Half-life estimates were calculated with simple linear regression of triplicate EEB incubations in aqueous matrices that ranged from 30 to 58 days. (1995b) . Although the values were within the range, there was a noticeable increase in log K ow values for the 2:1 n-octanol/water ratio. ANOVA of the three ratios as independent treatments indicated the differences were not statistically significant (F = 4.78; p = 0.1167). The difference between the 2:1 log K ow value and 1:1 and 1:2 values was significant (twotailed test; p = 0.0262) c Median drop volume (1.11 μl) was used for calculations since the mean volume exceeded 5 of 6 measured volumes. Drop volumes ranged from 1.00 to 1.71 μl with an interquartile range of 0.27 μl (n = 6). Duplicates taken at three time points (0.08, 0.17, and 0.25 h) had coefficients of variance equal to 9 %, 18 %, and 7 %, respectively. The microliter drop technique is a relatively new protocol, and the log K oa of naphthalene was measured. The log K oa of napthalene showed high reproducibility (log K oa 5.35 and 5.37, this study and Ha and Kwon (2010) The EPI Suite (v. 4.00) of models was used to predict the fate of EEB in the environment (US EPA 2008). The EPI Suite of models includes level III fugacity models, which assume steady-state, non-equilibrium conditions, and BIOWIN. BIOWIN is a collection of seven models that estimate the likelihood and rate of aerobic and anaerobic biodegradation of an organic compound in the environment based on its molecular structure. OECD P OV and LRTP Screening Tool (v. 2.2) was used to assess the likelihood that EEB might be classified a persistent organic pollutant (POP). Default settings for both software applications were used unless empirical data were available. A Monte Carlo estimate of uncertainty with 1000 iterations was performed using default settings in the OECD P OV and LRTP Screening Tool software ).
Results and discussion EEB physicochemical properties
Physicochemical properties that make compounds suitable for use as internal combustion engine fuels are frequently at odds with the properties that make them environmentally sustainable; and thus, it is critical to understand the potential consequences of producing vast quantities of a chemical destined for the transportation fuel sector. A combination of measured and computed properties including partition coefficients, solubility, and vapor pressure were determined; and the measured partition coefficients, Henry's Law constant, and boiling point of EEB were in general agreement with their computed values (Table 1 ). These data indicate that EEB is more hydrophobic and less volatile than ethanol and MTBE (Verschueren 1996; Won et al. 2000) . EEB was more soluble in water than predicted by its structure (2.6 vs. 1.6 % w/v), which is comparable with the water solubility of ETBE (2.4 % w/v) and less than ethanol (miscible with water at all proportions), n-butanol (7.4 % w/w at 25°C), and MTBE (~5 % w/v). Solubility of a fuel oxygenate in water is of particular importance to the transportation fuel sector. For instance, ethanol is incompatible with the petroleum industry's fuel pipeline infrastructure whereas MTBE was the preferred industrial fuel oxygenate because of cost advantages associated with pipelines until it was banned due in part to its mobility in groundwater (Kavanaugh et al. 2003) . In comparison with 3-hydroxybutyrate methyl ester (HBME) and related 3-hydroxyalkanoate methyl esters (HAME), EEB has an energy density that is greater than HBME (19.9 MJ/Kg) but less than HAME, 30.3 MJ/Kg (Zhang et al. 2009 ). These differences are expected since the ratios of carbon to oxygen in HBME, EEB, and reported HAME are 1.67, 2.67, and 3.61, respectively.
Vehicle emissions and fuel economy with EEB-gasoline blends
EEB20 showed a consistent reduction in vehicle fuel economy compared to EEB10 (Fig. 1) , and both blends produced a reduction in fuel economy compared to E0 done in the previous study (Storey et al., 2010) (Fig. 2) . The differences were significant (p = 0.02 and p = 0.006 for EEB10 and EEB20, respectively), albeit small (4 and 8 % reductions, respectively). An identical test (same vehicle, dynamometer and drive cycle) comparing E10 and E20 to 100 % gasoline produced a similar trend, although the reductions in fuel economy were smaller with ethanol than with EEB (Storey et al. 2010 ). The greater impact on fuel economy by EEB compared to ethanol is likely due to the higher amounts of oxygen in EEB gasoline blends. In addition, the higher octane of ethanol, and hence E10 and E20 blends, may have caused the vehicle to operate at more favorable ignition timing, leading to a small benefit in fuel economy. In contrast, EEB blends had little effect on octane (Table 2 ) and thus would likely not have caused an appreciable ignition timing adjustment compared to the base fuel. A similar effect was observed on the RON values of HBME-gasoline blends with comparable volumetric proportions of HBME and gasoline (Wang et al. 2010) . Fuel oxygenates generally reduce vehicle fuel economy due to the reduced volumetric energy content of the fuel (Hochhauser et al. 1993; Kirchstetter et al. 1999; Knoll et al. 2009; West et al. 2012) , although engine calibration can also influence fuel economy. For instance, California Phase II reformulated gasoline, which contained 10.59 % MTBE (1.9 % (w/w) oxygen), produced ã 3 % reduction in fuel economy (Aceves et al. 1997) ; whereas, slight improvements in fuel economy compared to 100 % gasoline were recently reported with fuel containing 1-3 wt% oxygen from MTBE (Oh and Cha 2013) .
Engine cold start (bag 1) was the major source of criteria pollutant gas emissions for EEB10 and EEB20 (Fig. 1) , and both EEB gasoline blends produced comparable or reduced criteria pollutant gas emissions than 100 % gasoline, with one exception (Fig. 2) . Specifically, EEB10 showed significantly lower total hydrocarbon (THC) and NO x emissions than those produced with 100 % gasoline (p = 0.0456 and p = 0.0070, respectively); and for both blends, CO, CO 2 , and THC production were statistically comparable to 100 % gasoline although EEB20 showed a 42 % increase in emission of CO compared to 100 % gasoline. The increase in CO was likely due to incomplete combustion of the EEB20 blend. Although notable, the increase was not statistically significant and was three times less than the ultra-low emission vehicle standard for CO. NO x emissions from fuels that included oxygen from ethanol or MTBE generally increased compared to baseline gasoline, although results were variable (Schifter et al. 2004; Knoll et al. 2009; West et al. 2012) . The increased production of NO x with EEB20 compared to E20 was likely due to a change in the air-fuel ratio resulting in the catalytic converter being marginally less effective. Alternatively, the difference in energy density between EEB20 and E20 might have resulted in a higher combustion temperature and thus more NO x formation. Either way, newer model year engine configurations generally mitigate NO x emissions and minimize their differences (Schifter et al. 2004; Masum et al. 2013; Ratcliff et al. 2013; Aakko-Saksa et al. 2014; Karavalakis et al. 2014) .
PM emissions were comparable between EEB10 and EEB20; and as observed with gaseous emission, cold start was the major source of PM emissions (Fig. 1) . PM emissions for both EEB10 and EEB20 tended to be lower than with 100 % gasoline, although the reductions in PM were not statistically significant (Fig. 2) . PM emissions are generally reduced with fuels that contain oxygen, and both ethanol and ethers produced concentration dependent reductions in PM, although results depended on overall fuel composition (Johnson et al. 2000; Storey et al. 2010; Oh and Cha 2013) . However, our results indicated that the molecular structure of the oxygenate is important to PM formation. For instance, even though EEB10 and EEB20 contain essentially equivalent amounts of oxygen as E10 and E20, the reduction in PM was approximately double for EEB10 compared to E10 and the reduction in PM was less for EEB20 compared to E20 (Storey et al. 2010) . The mechanisms by which fuel-bound oxygen disrupts soot formation are not well understood, and the lower volatility of EEB may contribute to the organic fraction of the PM collected during cold start.
The influence of EEB on vehicle emissions was likely due to the change in the composition of the vapor phase at the start Relative fuel economy and pollutant production Deviation from 100 % gasoline * * * * Fig. 2 Statistical comparison of fuel economy (MPG) and emission data between 10 % EEB (black bar) and 20 % EEB (white bar) volumetric blends and 100 % gasoline. Emission data included criteria pollutants (CO, NO x , and PM), CO 2 , and THC. Columns are replicate means compared to 100 % gasoline, and error bars are the standard deviations of the replicates. Negative changes corresponded to reductions in those metrics versus those of 100 % gasoline. An asterisk over a bar indicates a significant difference (Tukey's post-hoc test of ANOVA with 95 % confidence intervals) between the EEB-gasoline blends and gasoline for that fuel characteristic of combustion given the molecular structure of EEB, its energy density, and the influence of EEB on EEB-gasoline RVP values ( Table 2 ). The RVP of ether-gasoline blends depended on the ether oxygenate with MTBE increasing RVP and ETBE lowering RVP (da Silva et al. 2005) . Unlike ETBE, an increased amount of EEB blended with gasoline did not increase the anti-knock index suggesting that previously noted elevated CO production with EEB20 was due to the bond energy of the carbonyl group in the ester moiety of EEB. Combustion characterization of EEB-gasoline blends with a research engine (e.g., measurement of reaction kinetics, heat release, and thermal efficiency) and specific engine performance characterization such as ignition timing or exhaust temperature will provide greater insights into EEB blends and can be used to optimize engine performance. Furthermore, although our results indicate that EEB holds promise as a renewable fuel oxygenate, fleet tests are required to define blends that are backwardly compatible with the legacy fleet and meet regulatory air quality standards.
Environmental fate and persistence of EEB
The majority of EEB partitioned (≥89 % of total measured EEB) to the aqueous phase in sealed incubation bottles that contained sediment, water, and atmospheric gasses (Fig. 3) . The concentration of EEB in the aqueous phase appeared to decline over the course of 8 days, whereas the amounts of EEB in the headspace and associated with the sediment showed little change. Laboratory incubations of EEB in a variety of aqueous systems for 30 to 58 days resulted in EEB half-lives ranging from 25 to 59 days (Table 3) , and biologically active matrices produced shorter half-lives than their paired abiotic treatments when incubated at the same temperature. The half-life of EEB in water at pH 8 computed by the EPI Suite was 103 days, and the EPI Suite predicted EEB to be biodegradable and that decay of EEB would occur on the order of Bdays to weeks^ (Table 4) . Only two of seven models (Biowin1 and Biowin 7 (linear model prediction and anaerobic model prediction respectively)) predicted that EEB would not biodegrade quickly. Of note, the half-lives of EEB in air, water, soil, and sediment were predicted to be much shorter compared to MTBE (OGWDW 2008) . For instance, the atmospheric half-life of MTBE is 3 to 6 days, and the predicted half-life of EEB in air was~0.5 days (Table 4) . Moreover, the half-life of MTBE in anaerobic conditions was estimated to be from 0.54 to 5.4 years, whereas the longest predicted half-life for EEB was 0.37 years in sediment. Measured physicochemical characteristics and modeled half-lives (Table 1 and Table 4 ) were used to parameterize the OECD model, which predicted overall persistence (P OV ), characteristic travel distance (CTD), and travel efficiency (TE) for EEB of 30 days, 224 km, 0.04 %. P OV , CTD, and TE thresholds for known POPs are 195 days, 5097 km, and 2.248 %, respectively ). Monte Carlo analysis revealed that the variances in CTD and TE were due to the half-life of EEB in air (98.8 and 99.6 %, respectively, based on Spearman's rank correlation coefficient). EEB halflife in water provided 66.5 % of the variance in P OV, and 26.2 % of the variance in P OV was from the EEB half-life in soil. Seventeen of 1000 iterations had P OV values that exceeded 195 days, 15 of 1000 iterations had TE values that exceeded 2.248 %, and none of the iterations resulted in CTD greater than 5097 km. Even though EEB persistence predicted 
Towards commercialization of EEB
The primary objective of this study was to assess the technical feasibility of EEB as a gasoline oxygenate. As such, a basic setup with laboratory glassware and equipment was used to make EEB. Process development, including reactive distillation, and scale up are needed to move EEB towards commercial scale production. While development and scale up are crucial to mitigate commercial risks associated with making industrial volumes of product, the fundamental operations to produce EEB are in use at scale. For instance, plants annually producing 40+ million liters of grain ethanol and 50,000 tons of PHB are currently in operation. Furthermore, reactive distillation is used at commercial facilities producing MTBE. Grain ethanol and MTBE production are mature technologies with operating costs below $1.00 per liter. PHB production is costly and requires technical advancements to lower its price. Economic analysis of a process at the current level of technical readiness is fraught with uncertainty. However, a preliminary techno-economic assessment of making EEB at a wastewater treatment plant was performed, and overall production cost was reasonable and comparable to that of HBME (Bunce et al. 2015; Zhang et al. 2009 ).
Conclusions
This study and a related report added a new oxygenate, EEB, to the portfolio of potential biofuels (Bunce et al. 2015) . It showed that a turbocharged GDI engine would operate reliably and without negative emissions effects using EEBgasoline blends. The results showed that EEB-gasoline blends produced modest reductions in fuel economy consistent with the energy density of the blends and that overall gaseous and particulate emissions were reduced compared to 100 % gasoline and similar, in general, to E10 and E20 blends. Variations in blend performance suggest that larger fleets of automobiles with a variety of engine technologies (e.g., SI and ACI engines) should be studied to determine the optimal fuel formulation that meets market, regulatory, and environmental demands. It is likely that EEB will not persist in the environment based on environmental multimedia chemical fate and persistence modeling. Consequential and attributional life cycle analyses are needed to identify the optimal greenhouse gas reductions that may be achieved if EEB was added to the mix of global transportation fuels.
